Abstract: Large open surgical approaches are being extensively replaced by endoscopic and robotic techniques. Yet, these developments have not been paralleled by the necessary improvements in tissue adaptation, fusion or fixation. In order to advance the surgical area to a higher and improved level, adequate tissue fusion methods need to be designed. We therefore developed a sutureless electromagnetic tissue soldering technique, using superparamagnetic iron oxide nanoparticles (SPIONs). A magnetic field in combination with SPIONs as energy transmitters for absorption was used to fuse rabbit aortic tissue in vitro. Temperature profiles and rupture forces of the fused vascular tissue were measured and histological analyses were performed. The rupture force of the fused rabbit aortas was 3078 ± 852 mN. The experiments revealed the feasibility of tissue fusion by electromagnetic heating of SPIONs, which proved to be a novel promising tissue soldering technique.
INTRODUCTION
Development of micro-optics has fostered a constant improvement of visualization in minimally invasive and endoscopic techniques, thereby reducing tissue injury during surgical procedures [1] . These developments have however not always been paralleled by technical effectiveness of sutureless tissue fusion. Research on the latter topic over the last three decades, particularly in laser welding and soldering, has shown effectiveness only on a small scale, although the introduction of an albumin solder doped with indocyanine green (ICG) to selectively absorb laser light has significantly improved tensile strengths [2] [3] [4] [5] . Previous tissue soldering experiments revealed that good anastomoses with high tensile strength and minimal tissue damage are obtained if the applied albumin solder is homogeneously heated to a temperature of about 80 o C [4, 6] . The main problems laserassisted tissue fusion techniques still have to deal with, are irregularities of heat deposition in the solder caused by inhomogeneities in the solder absorption leading to spatial variations in the optical penetration of the laser radiation in the tissue.
To overcome these optical problems, we developed an electromagnetically based tissue fusion system using superparamagnetic iron oxide nanoparticles (SPIONs). Energy absorption in SPIONs is due to Néel relaxation, which is caused by reorientation of the magnetic dipole moments *Address correspondence to this author at the Department of Neurosurgery, Inselspital Bern, University of Bern, 3010 Bern, Switzerland; Tel: + 41 31 632 2486; Fax: + 41 31 382 2414; E-mail: michael.reinert@neurochirurgie-bern.ch inside the (fixed) magnetic core (particle) against an energy barrier. The strength of the Néel relaxation mechanism depends on the size and saturation magnetization of the particles, the frequency and magnetic strength of the applied electromagnetic field and on the temperature. Maximum heating has been shown for particle sizes ranging between 10 and 20 nm with field frequencies ranging between 1 and 27 MHz [7] .
In this study we investigated the feasibility to solder vascular tissue by electromagnetic heating using SPIONs as energy transmitters. The results were evaluated with regard to their heating ability, the tensile strength of the fused tissue and the thermally induced tissue damage.
MATERIALS AND METHODS

Radiofrequency System
A frequency generator (Power Controller 32/1800, Ceia, Italy) operating at a constant frequency of 1.8 MHz and a constant flux of 40 mT was used in all our experiments. A thin water-cooled copper coil built up the high frequency electromagnetic field. The single turn coil had an outer diameter of 5.5 mm, whereas the tube itself had a diameter of 1.5 mm. The output power of the generator was controlled by pulse width modulation (PWM). Power levels of 10%, 20%, 30%, 50% and 90% (PWM) were used. This means that 50% PWM leads to an alternate switching on and off of the generator, resulting in a duty cycle of 0.5.
The temperature at the soldering spot was measured by a fluoroptical contact temperature sensor (FOT Lab-Kit, Luxtron, CA, USA), which recorded the temperature at a fre-quency of 4 Hz. A negative feedback control between the temperature measurement system and the generator control unit enabled a fast and precise steering of the temperature (Fig. 1) .
As radiofrequency energy receiver, a water-based suspension of Fe 2 O 3 nanoparticles (SPIONs) with a particle diameter of 15 nm was used.
SPION-Albumin Solder
The solder consisted of 20% (w/w) of bovine serum albumin (BSA, Cohn Factor V, Sigma-Aldrich, Switzerland) dissolved in pure sterile water. Dissolving was accomplished in a water bath at 37°C and accelerated by a magnetic stirrer. SPIONs concentartions of 5%, 10% and 20% (w/w) were used in the experiments.
Determination of Optimal Heating Parameters
The maximum temperature reached on the tissue surface was determined using a constant solder volume of 30 l of BSA and different SPIONs concentrations of 5%, 10% and 20% (w/w). The power was set constant at 90% (controlled through PWM) and the distance from the coil to the solder was kept constant at 1.2 mm. These experiments were performed with the temperature feedback system turned off.
Soldering Experiments
Rabbit abdominal aortic arteries were used for the in vitro soldering experiments. The aortic arteries were extracted and immediately frozen at -20°C. Prior to use, they were thawed to room temperature. For experimentation, standardized pieces of 15x10 mm were cut. The two adventitial surfaces were soldered together with an overlapping area of 1 cm 2 . The tissue was placed into a custom-made tissue holder, enabling a constant distance between the tissue and the induction coil of 3 mm. 30 l of BSA-SPION-solder was administered between the two tissue samples.
After reaching a temperature threshold of 75ºC, the temperature was regulated by the feedback system to 80 ± 5 o C for a heating time of 60 s.
The strength of the soldered tissue connection was quantified by tensile strength measurements, which recorded the maximum force in mN until rupture, thereby, facilitating the assessment of the vertical shearing stress. A second set of tissue samples was used for histology to determine the extent of thermally induced tissue damage.
Conventional Suturing
For comparison, we sutured five pairs of tissue samples, identical to those used for the soldering experiments. A (8-0) Prolene thread (Ethicon J&J, Spreitenbach, Switzerland) was used to accomplish interrupted suture, seven stitches were performed along the tissue edge of 1 cm (Fig. 2b) . Thereafter, rupture forces of the samples were measured.
Histology
In order to visualize heat-induced supravital alterations in SPIONs soldered aortic slices, microscopic examination was performed. Tissue samples were fixated in 5% buffered aqueous formaldehyde solution and routinely processed with paraffin. Microscopic slides of 3 μm thickness were generated from paraffin blocks and stained with hematoxylin and eosin (HE). As control, identically processed non-heated tissue was used.
RESULTS
Determination of Optimal Heating Parameters
A total of 12 temperature profiles were recorded and analyzed for heating with differently concentrated SPION solutions. Increasing the SPION concentration from 5%, 10% to 20% resulted in a linear increase of the solder temperature reached after 30 s from 56°C to 77°C and 98°C, respectively (Fig. 3) . Higher SPION concentrations in the albumin solder were tested but they resulted in an inhomogeneous solder solution and were therefore discarded.
As shown it Fig. (3) , only the 20% (w/w) SPION concentration resulted in an absolute temperature increase higher than 80°C. Thus only the 20% (w/w) SPION concentration was used for the tissue soldering experiments. Fig. (4) shows temperature profiles recorded during the soldering process with the activated temperature feedback system. The adjusted temperature of 80 o C was reached 30s after launching the frequency generator at 90% (PWM) and then kept constant for 60 s.
In vitro Soldering Experiments and Suture Tensile Strength
The rupture force of the soldered tissue samples using the SPIONs was 3078 ± 852 mN (Fig. 5) . Rupture force of the conventionally sutured tissue samples (n=5) was 2580 ± 950 mN.
Histology
Following electromagnetic heating mediated by SPIONs, aortic slices displayed clearly localized supravital alterations of cellular and cytoarchitectonic details, in particular widespread loss of nuclear staining (individual cell necrosis) as well as condensation of interstitial matrix components. No comparable changes were evident in sham-treated controls (Fig. 6) . Fig. (5) . Box-and-whisker diagram shows rupture force obtained after conventionally with thread sutured rabbit aortas (2590 ± 950 mN) and after SPION soldered aortas (3078 ± 852 mN (mean ± SD)).
DISCUSSION
Surgical disciplines face an inclination towards minimally invasive approaches by using endoscopic or keyhole techniques. The current optical developments have permitted this miniaturization process to succeed in almost any surgical discipline. As a result, the open surgical approaches have been successively replaced. Meanwhile, the techniques to fuse tissue, a prerequisite also in minimally invasive surgery, have not advanced in parallel. The degree of freedom for using a suture or a microsuture however exceeds the optimal range of motion for endoscopic or keyhole approaches. Therefore, new tissue adaptation techniques are necessary. Micromechanical devices have improved to some extent the miniaturization process for tissue fusion [8] . For most endoscopic techniques, these devices are however still too intensive and dissatisfying. Tissue gluing on a fibrin basis has achieved favor of applicability as sealants. These fibrin based tissue sealants have an insufficient tissue adherence in terms of shearing strength and bursting pressure and experience a resorption after a few days endangering any tissue adaptation [9] . Anorganic based tissue glues demonstrate a much stronger and immediate tissue strength, but the problem of specific tissue toxicity has not been resolved, although the newer generation of butyl-cyanoacrylate has been reported to be less problematic [10] . Laser tissue welding and soldering using a dye such as indocyanine green (ICG) as energy absorber have been studied broadly in the last decades [4] , however, a routine clinical application could not yet been established. The main reason for the incapacity to produce reliable reproducible results for laser tissue soldering is the inhomogeneity of the laser light absorption, related to an irregular laser light tissue penetration and to the problem of the ICG-dye runaway during the soldering process [11] . An electromagnetic tissue soldering has the advantage to be free of practically any energy attenuation as passing the tissue. All energy is deposited in the SPIONs leading to homogeneous temperature increase. For a reliable and easy handling application the SPIONs can be embedded and concentrated into a polymer structure. The energy absorption can thereby be realized at the spot of interest, a process not possible for an optically based system. Furthermore, particle gradients can be achieved leading to an optimal energy deposition. Fig. (4) . Temperature profiles of SPIONs (20% (w/w)) during the tissue soldering procedure (n=10). After 30s of electromagnetic irradiation, the temperature reached 80°C, which was kept constant over a period of 60s.
Thermal Soldering Effect
The factors leading to thermal tissue fusion are not entirely understood. Constantinescu et al. demonstrated that below 80 ºC, considered as the temperature suitable for thermal induced tissue fusion, no covalent bonding changes are to be expected [2] . Denaturation of proteins occurs from temperatures above 52ºC followed by destruction of cellular lipid bilayer and liberation of intracellular proteins and enzymes at temperatures above 80ºC [12] [13] [14] [15] [16] [17] . The best tissue soldering outcomes and minimal heating injury have been obtained by adding a protein such as BSA. This denaturation process, also commonly stated as non-covalent change in protein structure, has not been more closely defined. For clinical application, a homogenous heat deposition at the tissue fusion area is essential. Exactly this prerequisite was obtained using the SPIONs as demonstrated in the histological assessment.
SPION Heating Specifications
The specific absorption rate (SAR) quantifies the rate of energy deposition in tissue, which is a measure of the amount of energy converted by the magnetic particles from the magnetic field into heat per unit time and mass. Usually, SAR is described by power losses due to Brownian and Néel relaxation mechanisms. For a typical heating application, the diameter of the particles has to be maintained between 10 and 20 nm and the frequency between 1 and 27 MHz [7] . The specific absorption rate (SAR) was experimentally determined by the initial slope of the heating experiments [18, 19] . Although the maximum temperature recorded after 30 seconds of heating increased linearly with increasing SPION concentration, the measured SAR values decreased from 98 (5% SPIONs (w/w)) to 95 (10% SPIONs (w/w)) and 83 W/g (20% SPIONs (w/w)). This might be explained by magnetic dipole-dipole interactions resulting in increased numbers of magnetically blocked particles at higher SPION concentrations and higher packing density, respectively.
In vitro Soldering
Electromagnetically SPION soldered tissue showed local stronger tissue destruction when compared to tissue globally heated to 80ºC and to non-heated tissue samples. We hypothesized that the local temperatures in the SPIONs soldered tissue samples may have been higher than 80 ± 5ºC in close proximity of the SPIONs.
The good tensile strength of SPIONs soldered tissue with only circumscribed and limited tissue alteration led us to conclude that SPIONs have an overall good soldering profile. When compared to conventional laser tissue soldering using an optical dye as energy transmitter, no direct assumption can be drawn from this study except that the tensile forces achieved with electromagnetic SPIONs soldering are comparatively higher than the usually reported laser optical tissue soldering forces using the same irradiation area [11] . Conventional suturing with microsurgical technique has shown values to be in the same range as the tissue soldering found in this series, therefore suggesting that this new electromagnetic tissue soldering technique is promising for tissue adaptation at least in the limits of microsurgery. The aim of this study was not to prove any superiority of electromagnetic heating over conventional suturing, but the feasibility of electromagnetic tissue soldering and the potential to use this technique. Tensile strength in sutureless tissue fusion whether by using an electromagnetic or laser energy source is certainly proportional to the area of fused tissue. Yet it is only one variable that has to be taken into consideration. Most importantly, it is the quality of the interface that holds supreme attention i.e., the amount of albumin which can be deposed between the tissue pieces. We have shown that by using a porous polymer interface structure, the tensile strength can be significantly increased [20] .
Electromagnetic Tissue Properties and Safety Issues
Conductivity is defined as a measure of a material's ability to conduct an electric current and is dependent on the applied frequency and the tissue exposed to the electric field. At frequencies higher than 1 GHz, conductivity increases steeply [21] . The conductivity is expected to be between 0.1 and 1 S/m at the applied frequency of 1.8 MHz with the double vessel layers possessing a thickness between 0.5 to 1 mm [22] . The energy loss in the tissue over this segment is thus negligible in a local applicable induction system. The International Electrotechnical Commission (IEC)-guidelines recommend not to expose the whole body to more than 4 W/kg in a high frequency electromagnetic field [23] . The generator used in this study did not surpass the limits of whole body irradiation of 4 W/kg as it was used only locally.
A further requirement for clinical application is the issue of biocompatibility. From SPIONs, it is reported to be eliminated through macrophages eliminating system [24] . The exact pathway of the SPIONS after in vivo use can be traced by MRI and is currently under investigation [25] .
CONCLUSION
Electromagnetic tissue soldering using superparamagnetic iron oxide nanoparticles is possible and produces strong and reproducible tensile strength, comparable to the values obtained with conventional suturing. Improvement in nanoparticle density elevation such as by embedding into a polymer structure and radiofrequency adjustment will optimize further miniaturization process and adaptation to different kinds of tissues. 
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